Abstract: Radio frequency (rf) plasma sources used in the processing of thin films can be divided into three distinct categories: capacitive (E), inductive (H), and wave (W) -sustained (e.g., helicon) discharges. As the excitation power or voltage is increased, transitions from capacitive to inductive to helicon discharges are often observed, in some cases exhibiting hysteresis. A model is developed to determine these transitions based on the electron energy balance in the discharge and the coupling between capacitive, inductive, and helicon electron energy deposition. 
INTRODUCTION

Types of rf discharges
only to the time-averaged electric fields. Oscillation of the electron cloud creates sheath regions near each electrode that contain net positive charge when averaged over an oscillation period; i.e., the positive charge exceeds the negative charge in the system, with the excess appearing within the sheaths. This excess produces a strong time-averaged electric field within each sheath directed from the plasma to the electrode. Ions flowing out of the bulk plasma near the center of the discharge can be accelerated by the sheath fields to high energies as they flow to the substrate, leading to energetic-ion enhanced processes. Typical ion bombarding energies can be as high as Vrf a t the powered electrode for asymmetric systems, for which the powered electrode area is considerably smaller than the grounded area. The positive ions continuously bombard the electrode over an rf cycle, whereas electrons are lost to the electrode only when the oscillating cloud closely approaches the electrode. During that time, the instantaneous sheath potential collapses to near-zero, allowing sufficient electrons to escape to balance the ion charge delivered to the electrode. Except for such brief moments, the instantaneous potential of the discharge must always be positive with respect to any large electrode and wall surface; otherwise the mobile electrons would quickly leak out. Electron confinement is ensured by the presence of positive space charge sheaths near all surfaces.
A crucial limiting feature of capacitive discharges is that the ion bombarding flux and bombarding energy can not be varied independently. Hence, for a reasonable (but relatively low) ion flux, sheath voltages at the driven electrode are high. This can result in undesirable damage.
The limitations of capacitive discharges have led to the development of rf-driven inductive and helicon sources. These operate at high density and low pressure, and the rf power is coupled to the plasma across a dielectric window, rather than by direct connection to an electrode in the plasma. This non-capacitive power transfer is the key to achieving low voltages across all plasma sheaths a t electrode and wall surfaces. vbltages are then typically 20-30 V at all surfaces. To control the ion energy, the electrode on which the wafer is placed can be independently driven by a capacitively coupled rf source. Hence independent control of the ionlradical fluxes (through the source power) and the ion bombarding energy (through the wafer electrode power) is possible.
Inductive Discharges
Plasma in an inductive discharge is created by application of rf power to a non-resonant inductive coil, resulting in the breakdown of the process gas within or near the coil by the induced rf electric field. The inductive electric field is non-propagating and typically penetrates into the discharge a distance on the order of a plasma skin depth, which is typically 1-3 cm. Hence all plasma heating occurs near the surface. The plasma potential in these discharges is typically less than 30-40 volts. and the plasma density is typically in the range 1011-1012 ~m -~. The plasma created near the coil diffuses toward a substrate holder that can be independently biased by application of rf power using a separate generator. Inductive sources have no requirement for dc magnetic fields (as required for helicons). Because the voltage across the exciting coil can be as large as several kilovolts, a discharge can also be capacitively driven by the coil. As we will see, such discharges are generally capacitively driven at low plasma densities, with a transition to an inductive mode of operation at high densities.
Planar or cylindrical coils in a low aspect ratio (lengthldiameter) discharge are generally used for low pressure materials processing. The planar coil is a flat helix wound from near the axis to near the outer radius at one end of the discharge chamber ("electric stovetop" coil shape). A cylindrical coil wrapped around the plasma can also be used. Planar and cylindrical coils can also be united to give "cylindrical cap" or "hemispherical" coil shapes.
Inductive discharges are generally driven at 13.56 MHz, although lower frequencies are sometimes used. The coil can also be driven push-pull using a balanced transformer, which places a virtual ground in the middle of the coil and reduces the maximum coil-to-plasma voltage by a factor of two. This reduces undesired capacitively coupled rf current flowing from coil to plasma by a factor of two. An electrostatic shield placed between the coil and the plasma can further reduce the capacitive coupling if desired, while allowing the inductive field to couple unhindered to the plasma. Inductive discharges for materials processing are sometimes referred to as TCP's (transformer coupled plasmas) or RFI's (rf inductive plasmas).
Helicon Discharges
Helicon generation of plasmas was first employed by Boswell in 1970 [I] , and tho first hclicorl reactor specifically designed for materials processing was operated by Perry and Boswcll in 1989 [2] . Helicons are propagating wave modes in a finite diameter, axially ~rlagnct~ized plasma column. The electric and magnetic fields of the modes have radial, axial, and usually, azimuthal variation, and they propagate in a low frequency, low magnetic field, high density regime characterized by WLH << w << w,, and w :
, >> ww,,, where w t~, w, wc,, and w,, are the lower hybrid frecluency, driving frequency, electron cyclotron frequency, and electron plasma frequency, respectively. The driving frequency is typically 13.56 MHz, the magnetic fields vary from 20-200 G, and the plasma. densities range from 10"-1012 cmp3 for processing discharges.
Helicon discharges are excited by an rf-driven antenna that couples to the transverse mode structure across an insulating chamber wall. The mode then propagates along the column, and the mode energy is absorbed by plasma electrons due to collisional (resistive) or collisionlcss damping. Most helicon applications to materials processing utilize a high aspect ratio (length/diameter) source chamber with a process chamber downstream from the source. The plasma potential in helicon discharges is typically low, of order 15-20 volts. The resonant coupling of the helicon mode to the antenna can lead to non-smooth variation of density with source parameters, known as "mode jumps", as will be further described.
Helicon modes are a superposition of low frequency whistler waves propagating at a commorl (fixed) angle to the static magnetic field B o . The dispersion equation for the modes is where k is the wavevector magnitude, k, is the axial component, and ko = wlc. In a cylindrical chamber, the helicon modes vary as exp(jmO), where the integer m specifies the azimuthal mode. The most common mode excitations used in materials processing discharges are m = 1 and m = 0. In this work we model only m = 0 planar coil (axisymmetric) excitation. Helicon discharges excited by planar coils have been studied experimentally [3] . An evaluation of various antenna designs for helicon discharges, including the m = 0 case, has been given by Kamenski and Borg [4] . A thorough analysis of excitation, conversion and damping of waves in a helicon source has been given for an m = 0 antenna excitation [5] .
Examples of transitions
Capacitive-to-inductive (E-H) transitions have been studied in inductive discharges for many years. The early history is reviewed by Eckert [6] . More recently, two stable discharge equilibria have been observed (71 in a low frequency (560 kHz) planar inductive discharge for some values of the driving rf voltage, with the transition from the low to the high density equilibrium exhibiting hysteresis as the voltage is varied. However, the full range of transition effects is seen most clearly in helicon discharges. Capacitive-to-inductive-to helicon (E-H-W) transitions, often exhibiting hysteresis, have been observed in a discharge excited by an m = 1 helicon antenna in a source chamber 20 cm in diameter and 50 cm in length by gradually increasing the rf power and measuring the plasma density, optical emission and wave magnetic fields [8] . In the capacitive mode, the ionization is maximum close to those parts of the antenna at a high rf potential, i.e., the driven end, and the resultant plasma density in the source region and optical emission profiles are found to be be highly Pr7-148 asvmnietric. Deta.iled measurements of the E-H-W transition [8; 91 show that thc density increases nith tlic square root of the power in the capacitive (E) mode and increases proportional to the power in the inductive (H) mode: in agreement with energy deposition models for these discharges. The H mode is characterized by a density depression in the center and a. rnaximurn around the periphery, which appears in a radial langmuir probe trace as two shoulders at the edge of the plasma. This indicates an energy deposition process near the plasma surface: as predicted by the usua.1 inductive skin effect models. With increasing rf power, the density increases and the helicon ~vavelength decreases until it is sufficiently short to fit into the source. At this point, the central density increases dramatically (W mode), suggesting that the helicon wave interacts strongly with electrons in the bulk of the inductive plasma. We will see precisely this type of behavior from the inode1 that we develop here.
GUIDED WAVE AND CIRCUIT MODELS
Consider a. guided wave model for excitation of a cylindrical discharge by an axisymmetric rf antenna located inside a waveguide. As shown in Fig. 1 , the discharge is excited by a sheet antenna located inside a perfectly conducting cylinder of radius rp. A uniform axial static magnetic field Bo = tBo may be present. The plasma is a cylinder of radius r, and length 1, which is short circuited at its far end z = 1,. The axisymrnetric sheet antenna at z = -zu is separated from the nearer plasma end surface z = 0 by a vacuum gap w. A lumped circuit has often been used to represent the coupling of the antenna to the plasma [lo; 111. as is shown in Fig. 2 
Bo
(a).
The antenna is modeled as an rf voltage source Vrf. The capacitive coupling is modeled by the series combination of the vacuum gap capacitance C g , the sheath capacitance C,, and the resistors Rohm, Rstoc, and Ria,, representing respectively the capacitive energy deposition into the discharge due to ohmic heating, stochastic heating, and heating of ions that fall through the dc sheath potential Vdc M 0.83 Vc, where V, = Ivcl is the rf voltage magnitude across the sheath. The ion resistance is in parallel with the sheath capacitance and stochastic heating resistance, and represents the energy supplied by the source to maintain the sheath against the flow of ions to the wall. The inductive and/or helicon coupling is represented as a transformer having primary inductance L1 and winding resistance R1, secondary (geometric) inductance Lg, and mutual inductance M , with the secondary connected to a series combination of the electron inertia inductance L, and the plasma resistance Re. Le and Re give the reactive and resistive response of the one turn plasma loop to the induced secondary voltage generated by Ee. It is customary to transform the secondary load into the primary circuit of the transformer, giving the circuit shown in Fig. 2 (b). Here
JOURNAL DE PHYSIQUE IV
The capacitive and inductive circuits in Fig. 2 (b) are in parallel and would seem to respond independently to an applied antenna voltage Vrf. However, these circuits are coupled in several ways:
(1) Many of the lumped element values are not constant but are functions of the plasma density and the sheath voltage.
(2) For Bo > 0, the capacitive and inductive circuits are naturally coupled by the helicon and inductive plasma modes.
Capacitive elements
We consider a low pressure discharge in which the capacitive sheath is described by collisionless ion dynamics [12, Sec. 11.21: Here e is the electron charge, ns is the electron density at the plasma-sheathedge, ug = ( e~, / m i ) l /~ is the Bohm (ion loss) velocity, T, is the electron temperature in equivalent voltage units, mi is the ion mass, €0 is the permittivity of free space, s, is the capacitive (ion) sheath thickness, and Vdc is the dc voltage across the sheath. The capacitive element values for this case have been determined to be 112, Sec. 11.21:
Here m is the electron mass, A1 z 0 . 3 6~~: is the effective area of the nearer plasma end surface (for a Jo Bessel function radial density profile), v , is the electron-neutral collision frequency for momentum transfer, hL is the ratio of edge to center density, leff is the effective discharge length for ohmic heating, and Xi is the ion-neutral mean free path. The coupling capacitance of the antenna across the gap is -
Inductive elements
The lumped elements in the inductive circuit are determined by transmission line (impedance transformation) techniques applied to the waves shown in Fig. 1 In general ~1 1 >> 1, such that the E, field is very small. In the usual helicon wave limit this field component is taken to be zero. Then the two solutions of (14) are denoted NH and NI and have transverse polarizations described by:
For the usual regimes, helicon and inductive modes are right and left elIipticalIy polarized, respectively, with Er/Eo >> 1.
Both the total E0 and E, fields vanish at the conducting end wall z = Lp. Hence the solutions have the form
where k z H ,~ = k O N z H ,~ are the axial wavenumbers of the two modes. In this work, we assume that the E, field components of the helicon and inductive modes cancel at the near plasma wall z = 0. This is required approximately by the antenna matching condition since (E,/EO),,-, << (Er/E0)z=o. Because we have already accounted for the capacitive coupling through the E, field, we expect that the exact boundary condition imposed on E, introduces only a small reactive correction to the final discharge equilibrium. Setting E, = 0 at z = 0 in (17) and solving for the amplitude coefficient B in terms of A, we obtain The antenna also couples to the evanescent wave in the vacuum region z < -m. Assuming a long length for the waveguide in this region, then the impedance seen by the antenna looking to the left is ZSA = jwLz. This is in parallel with the plasma impedance, yielding a total wave impedance ZA at the antenna given by
The parallel combination of the impedances looking to the right and to the left gives the discontinuity in surface current at the antenna:
Assuming an antenna coil having N turns and wound nonuniformly with radius, such that only the J1 variation of surface current is excited, then the voltage is obtained by integrating EeA along the length of the wire, and the current is obtained by integrating KOA over the radius:
We obtain Hence, we finally obtain the impedance seen by the antenna, referenced to the voltage and current on the antenna: ZL = RL + jwLL 25 1.21N2ZA + R1. We introduce L1 = 1.21N2L2/2, which defines the total primary inductance L1 for the no-plasma condition. The mutual indhctance is related to L1, La, and K 2 as M = J2L1L2(1 -K2).
In the limiting case Bo = 0 of inductive excitation, the two refractive indices are equal, NH = NI = N, and we obtain ZH,I = 2.7'20 tan(k,l,)/N,.
In this case the fields decay exponentially into the plasma with a characteristic skin depth scale length given by where , f 3 = 1 + a ( l + u & / w~) and a = ( C~/ W~, ) (~~~/~~ -w2/c2). The skin depth tends towards c/wpe at high densities and low pressures, tends toward its collisional value ( C / W~, ) (~V~~/ W )~/ at high densities and pressures, and tends toward and never exceeds the geometric skin depth rp/xll at low densities.
Coupling of capacitive and inductive elements
The preceding calculation of ZL, the impedance seen by the antenna due to inductive and/or helicon interaction with the plasma, is based on the assumption that the density within the plasma is uniform and is equal to the central electron density no. However, let us note that the presence of a large capacitive sheath thickness causes a reduced electron density fie near the antenna. Because the inductive energy deposition occurs within a skin depth of order of a few centimeters, the ohmic power deposition due to inductive coupling is reduced. This effect, as first suggested by Turner [14] , can lead to hysteresis effects in inductive discharges. A qualitative estimate, based on the condition of constant ion flux n,u, within a Child law sheath is that 6, K ~, ( T , / V , )~/~. A more accurate calculation, based on a self-consistent capacitive sheath model (151 is given in the Appendix. For Vc >> T,, the result is a reduced power per unit area, Sohm, compared to the no-sheath power s : : ) , , given by Because the inductive impedance ZI depends inversely on density, the correction is introduced as Zl,eff = (nO/fie)Z1, which is used in (20) to determine 2,.
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PARTICLE AND E N E R G Y B A L A N C E
The discharge equilibrium is determined by the particle and energy balance relations. The particle. balance can be written as:
where h, +nd hr are the ratios of far end (z = 1,) and circumferential wall loss currents to the loss current at the near wall (z = 0), Ki,(Te) is the ionization rate constant, and n, is the neutral gas density. The plasma density cancels from both sides of the equation. Solving (33) yields the electron temperature Te, which depends only weakly (logarithmically) on the details of the particle loss (diffusion) model. Over a wide range of pressures, Te is clamped between 2-5 volts, and its exact value is of little importance.
Electron energy balance
In contrast, the electron energy balance relation is the key to understanding the discharge equilibrium. Taking as the control volume the plasma within the plasma-sheath edge, then energy is deposited into the discharge electrons in the form of capacitive ohmic and stochastic heating and in the form of inductive and/or helicon ohmic heating, and electron energy is lost by collisions with the neutral gas and by direct flow of electron energy to the walls:
Fixing the antenna voltage Kf, then for a given plasma density no (and corresponding edge density n,) each term in (34) can be evaluated. If (34) holds, then a discharge equilibrium has been found. There may be more than one density at fixed voltage that satisfies (34); in that case, multiple equilibria exist.
Capacitive electron energy deposition
To obtain Pohm and Psto,, the sheath volta.ge V , must first be determined. We do this in the approximation that the resistive part of the capacitive sheath circuit is small compared to the reactive part, as is appropriate for a high frequency capacitive sheath [12, Sec. 12.21 . Considering the capacitive part of the circuit in Fig. 2 , then from the capacitive voltage division across Cq and Cc and usiilg ( 4 ) and (lo), we obtain This is a polynomial equation for V, = (vC',( as a function of Kf and n,, which can easily be solved numerically. Then inserting Vc into (4), (6) , and (7), all elements can be evaluated for a given n,. V, cx y:/n:. Hence Pohm cx G / n s and Pstoc cx vPf/nz. For low density the capacitive heating is independent of density, and for high density the capacitive heating "shuts off" as l/n, for ohmic heating and l/nz for stochastic heating. This behavior is illustrated in Fig. 3(a) . 
Inductive electron energy deposition
The inductive heating can also be found from the circuit model. The current flowing in the inductive circuit is IL = Vrf/Zrf -jwLIKf, and the power is The scaling of this power with density for a fixed Vrf can be understood by considering (2) . The resistance of the plasma loop scales as Re cx rp/noAeff, where Aeff = const for the inductive mode at low densities. Because Re is large at low densities, we see from (2) that RL cx R;' . Hence PL cx y:no. At high densities where AeR cx 6,rp cx for the inductive mode we obtain Re cx no1I2. We see from (2) that PL cx L$Re, which leads to PL cx ~,2fn,"~. Hence at a fixed voltage Vrf, the inductive power increases linearly with density for low densities and falls a s the inverse square root of the density for high densities [12, Sec. 12. 21. This behavior is illustrated in Fig. 3(b) .
The combined effect of both capacitive and inductive energy deposition is shown in Fig. 3(c) , and the effect including the capacitive coupling to the inductive energy deposition is shown in Fig. 3(d) . There are multiple equilibria in this latter case, with the transition from low to high density equilibrium, and back again, exhibiting hysteresis as the driving voltage is varied.
Similar scalings are observed for the helicon mode, but these are strongly distorted by resonances because of the propagating nature of the wave; that is, enhanced power absorption is seen at the resonances of the system Rek, I, = ex, e a positive integer.
Electron energy loss
The electron power loss Pel,,, in (34) can be written in terms of the particle loss as where EC(Te) is the collisional energy lost per electron-ion pair lost from the discharge due to all electron-neutral energy loss processes (ionization, electronic excitation, and elastic scattering) [12, Sec. 3.51, and Ee --$Te[5 + ln(mi/2nm)] is the electron kinetic energy lost from the discharge.
Typically Ec falls from approximately 80 V at Te = 2 V to 35 V at Te = 5 V. Let us note the important scaling that Pel,,, cx n,, independent of Vrf, as shown in Fig. 3. 
Particle loss model
At low pressures where the ionization within the plasma is relatively uniform, the usual model for the loss coefficients he and h, is that of variable mobility diffusion. In that case, the density no is relatively uniform within the volume, falling to an edge density n, at the plasma-sheath interfaces [12, Sec. 10.21 . One finds A1 = xrzhL at both end walls (he = 1) and h, = 21,h~/r,, where However, at pressures higher than a few millitorr, the ionization profile can become quite nonuniform, and the static magnetic field can strongly affect the radial loss.
To better estimate the particle (and hence, electron energy) loss, a diffusion model is used based. on constant diffusion coefficients D, along Bo and DL, perpendicular to Bo. Assuming that the radial ambipolar electric field is not reduced over its non-magnetized value, then DL, x D,/(1 + wZir?). Here w,i = eBo/mi is the ion cyclotron frequency, ~i = Xi/vi is the ion-neutral mean free time, and vi = ( 8 e~~/ r r r n~) l /~ is the mean ion speed. The ambipolar diffusion equation within a cylindrical plasma is where Go is a constant ionization rate per unit volume and the ionization source is assumed to have a Jo Bessel function radial dependence and an exponentially decaying axial dependence with an effective ionization mean free path Xi,. Letting np = Jo(xolr/rp)n(z) in (441, we obtain where r,R = r p ( l + wZ?T:)~/~. With the boundary conditions n = 0 at z = 0 and z = l,, (45) can be solved to determine n(z), and the particle fluxes to the two end walls and the circumferential wall call be evaluated. Integrating these fluxes over their respective wall areas yields the particle currents to the walls. Normalizing these to the particle current at the near end wall z = 0, we obtain the loss factors where For Xi, + oo, he + I and for Xi, + 0, he -t 0, hr + 0.
MODEL CALCULATIONS
Conventional inductive plasma source
We first consider a planar coil-excited, transformer-coupled plasma (TCP) of the type commonly used for materials etching. Cross sections for argon gas are used. The source parameters are f = 13.56 MHz, r, = 15.25 cm, 1, = 7.5 cm, and p = 20 mTorr. The coil has three turns and is separated from the discharge by a 1 cm thick quartz window. Figure 4 shows (a) the edge density versus rf antenna voltage, (b) the edge density versus rf antenna current magnitude, (c) the edge density versus total power absorbed, and (d) the rf current amplitude versus rf voltage. From the density versus voltage, the 'discharge is capacitively coupled in a small region below 150 V, with a quite sharp transition to the inductive mode above 150 V. The density changes sharply with current through this transition. The density varies smoothly with power through the transition, because the electron loss power varies linearly with the density, indqpendent of power, and the ion loss power is at most roughly equal to the electron loss power in the capacitive mode, and decreases to a very small fraction of the total power in the inductive mode. The E-H transition is also clearly seen in the rf current amplitude versus rf voltage curve as an abrupt change of slope. However, there is no abrupt transition or hysteresis. the density will increase abruptly by three orders of magnitude during the E-H transition. If the voltage is subsequently reduced. the discharge remains in the inductive mode until a sudden transition to the capacitive mode at 120 V. The density varies smoothly with the current, however, exhibiting a very sharp transition but no hysteresis. Therefore a voltage-driven discharge will exhibit hysteresis, whereas a current driven discharge will not. This is analogous to the properties of dc glow discharges driven by voltage sources (hysteresis is present) and current sources (no hysteresis is present) [12. Sec. 14.11. As for the high frequency case, the density and power vary smoothly together. The hysteresis is also seen in the current versus voltage curve. There is experimental evidence for this type of hysteresis [7] . To see the source of the hysteresis the power versus density curves are shown in Fig. 6 for (a) = 100 V. (b) Kf = 150 V. and (c) = 250 V. The solid line with the dotted points gives the total electron power absorbed, which is composed of capacitive and inductive powers, shown as the dashed lines decreasing and increasing versus edge density, respectively. The solid straight line is the electron power lost. In Fig. 6(a) , there is only a single intersection of the two solid curves at low density, defining a capacitive equilibrium. In Fig. 6(b) , there are three intersections, so the discharge can exist for this voltage in one of three modes (the middle intersection is unstable). In Fig. 6(c) , there is only a single, high density intersection, defining an inductive equilibrium. The source of the hysteresis is the capacitive coupling, which pushes the plasma away from the antenna 
Helicon discharge
Yow consider il low pressure (3 mTorr) lielicori discharge driven by a thrce tlirn planar coil a t 13.56 k1Hz with a dc magnetic field of 50 G. The source region parameters are r, = 10 cm and I,, = 50 crri. Figure 7 shows the density versus voltage, density versus current: density versus power. and current versus voltage. Profound hysteresis effects are seen. These can be understood by considering the electron power tleposition versus density a t a fixed voltage, shown in Fig. 8(a) for 300 V as the solid line with the clotted points. This curve exhibits resonances in energy deposition when the system length (50 cm) is equal to an integer multiple of the helicon wavelength. The straight solid line is the electron energy loss curve. There are multiple intersections. Therefore, either voltage or current driven discharges exhibit hysteresis. These "mode jumps" are commonly seen in helicon discharges. Even the density versus total power curve exhibits a significant hysteresis. This is due t,o the capacitive coupling at low densities, which leads to a considerable capacitive sheath voltage that also exhibits these resonance effects. The ion component, which is a significant fraction of the total energy deposition and loss in this density range, varies linearly with the sheath voltage, which is the source of the hysteresis seen in Fig. 7(c) .
The powers attributed to the capacitive, inductive, and helicon energy deposition can be approximately identified through their appropriate loss resistances. The fractional powers deposited A model has been developed for the capacitive-to-inductive-to-helicon (E-H-W) transitions in a cylindrical plasma discharge excited by an azimuthally symmetric antenna within a cylindrical waveguide. The model incorporates ohmic, stochastic, and ion energy deposition for the capacitive interaction of the antenna with the plasma, inductive and helicon energy deposition due to inductive interaction of the antenna with the plasma, and the coupling of capacitive to inductive fields, which can reduce the inductive energy deposition and lead to hysteresis effects in inductive discharges. When a static magnetic field is present. then we obtain the collisional energy deposition due to a propagating helicon mode in the plasma. Strong resonances in the helicon energy deposition are found when the chamber length is an integral multiple of the helicon wavelength. This leads to mode jumps and hysteresis. However. the energy deposition in our model is based primarily on ohmic heating of discharge electrons due to classical electron-neutral collisions. Probe measurements in the plasma downstream from the helicon source described in Section 1 for increasing magnetic fields show that the density increases, comes to a maximum at 50 gauss and then decreases again. As we would expect the increasing magnetic field to decrease the cross field diffusion and therefore allow the density to continue increasing, this result is surprising. However, by replotting the density as a function of the wave phase velocity (which depends on the magnetic field) the density maximum occurs a t about 3 x lo8 cm/s. This is the velocity of electrons in a Maxwellian distribution which contribute most to the ionization, i.e., they are the most effective. This suggests the wave is strongly interacting with a specific group of electrons in the distribution and giving them energy rather than heating the whole di~t~ribution. For these conditions of large amplitude waves (100 V/m), the electrons are trapped by the wave a.nd oscillate in the wave potential wells with a frequency approaching that of the wa.ve. Consequently, neither collisional interaction nor Landau damping is the electron energy deposition mechanism, and the det,ailed wave-particle interaction has to be considered. A simple model for trapping with the wa.ve aniplitude proportional to the square root of the input rf power (i.e., proportional to the antenna current) yields a density of t.rapped electrons scaling as nt cx exp(const x PY). Since the wave velocity is optimum for ionizing electrons, it is reasonable to assume that all trapped electrons will ionize. Hence the density will increase exponentially as the fourth root of the rf power. Such an exponential increase has been observed, with a power exponent of 0.29, very close to that expected from tlle trapping model. The ohmic power per unit volume for 0 < z < s, is found by time-averaging JeE8:
Evaluating the &integral yields (7r/2 -4/2 -sin 24/4). Now integrating poh, over z and accounting also for the ohmic power in the bulk plasma, we obtain the total ohmic power per unit area proportional to the electron sheath edge velocity. Using (A7) in (A6) and normalizing (A6) to the ohmic power for no capacitive sheath (n, = n, for -ca < z < s,), we obtain where (A91 For sm >> bp, the main contribution to the integral comes from near z = sm (4 = n). Expanding (A3) yields 1 3n 2 z(4) E Sm --s0(1+ . H ) (~-T ) .
(A101
Inserting (A10) into (A9), using the expansion near 4 = 7~ that sill4 E -(4 -n), a.nd extending the limit of integration from 0 to ca, we obtain
Substituting for H and s o in terms of s, and &, E 0.83V,, with 3nH/4 >> 1, we obtain 'ohm 1/2 _,E011g6(%) (0) +e-2sm/6~.
'ohm v c s m
The integral in (A9) can easily be evaluated numerically. For high voltage 37rH/4 >> 1, Z is a function of q!~ = s,/6, only, and a good fit to the result is
